This paper contributes to documenting a change in the distribution of North Atlantic right whales Eubalaena glacialis (NARWs) that occurred in the 2010s, when the whales largely abandoned their traditional summering grounds in the Gulf of Maine/Bay of Fundy/Scotian shelf. Data from a year-round passive acoustic monitoring (PAM) network in the Gulf of St. Lawrence were exploited to build the time series of NARW incursions into this inland sea of the Northwest Atlantic
INTRODUCTION
The population of North Atlantic right whales Eubalaena glacialis (NARWs) is recognized as 'endangered' under the Canadian Species at Risk Act, by the Committee on the Status of Endangered Wildlife in Canada, and the International Union for Conservation of Nature (COSEWIC 2013 , DFO 2014 , Cooke 2018 . The estimated population size peaked at ~480 individuals in 2010 and has declined since, with some models estimating as few as ~450 in 2016 and ~410 in 2017 (Pace et al. 2017 , Hayes et al. 2018b , Pettis et al. 2018 .
NARWs in the western Atlantic Ocean are distributed mainly along the US continental shelf, between Florida and the northern Gulf of Maine, extending to the eastern Canadian shelf including the Bay of Fundy and the Western Scotian shelf. A notable fraction of the population extends from the mid-Atlantic to southern Greenland (Kraus & Rolland 2007b , Davis et al. 2017 . The seasonal migration between northern feeding grounds, mating grounds and southern calving grounds off Florida and Georgia involves a part of the population, while another part overwinters in other areas of the wider distribution (Morano et al. 2012 , Cole et al. 2013 , Bort et al. 2015 , Davis et al. 2017 . In late fall to early winter, pregnant females migrate to the waters of the southern USA, where they give birth (Kraus et al. 1986 ). The central Gulf of Maine is one area where mating occurs in winter (Cole et al. 2013) . Traditional Northwest Atlantic feeding grounds were distributed from Cape Cod to the Scotian Shelf, notably the Bay of Fundy (Wishner et al. 1995 , Baumgartner et al. 2003a ,b, 2017 , Baumgartner & Mate 2003 , Davis et al. 2017 . However, part of the population is likely exploiting other grounds, which largely remain to be discovered and documented (Kraus & Rolland 2007a , Davis et al. 2017 ).
An overview of the spatio-temporal distribution of NARWs in the western North Atlantic from analyses of passive acoustic monitoring (PAM) datasets collected between 2004 and 2014 evidenced a decrease in detections in the northern Gulf of Maine after 2010, with a simultaneous increased presence in the mid-Atlantic (Davis et al. 2017) . Further north, in the Gulf of St. Lawrence, occasional NARW sightings were reported (DFO 2014) . This drastically changed recently, when a large number of NARWs were observed in the southern Gulf of St. Lawrence, where 12 individuals were found dead and another 5 were entangled in 2017, which triggered protection measures from management authorities (DFO 2018 , Pettis et al. 2018 . The present paper is an effort to better document this recent change in NARW use of the Gulf of St. Lawrence, by analysing the time and space pattern of NARW upcalls recorded between 2010 and 2018 with a network of 8 PAM stations distributed in the Estuary and Gulf of St. Lawrence.
MATERIALS AND METHODS

NARW up-call
NARWs produce several types of sounds, but the call that can identify the species is a stereotyped lowfrequency upsweep produced by both sexes, known as an up-call or a contact call, which lasts about 1 s with frequency rising between approximately 100 and 300 Hz, although considerable variability is observable (Clark 1982 , Parks & Tyack 2005 , Trygonis et al. 2013 . Call rates also vary over time and space (Matthews et al. 2001 , Parks et al. 2011 . Calls are common when the whales are in surface active groups, rarer when feeding (possibly in response to calling limitation at daytime prey depth), and long periods of silence are common. Call depths of tagged NARWs were generally observed in the upper water column above 10 m, between dives. Some calls were noted at greater depths, including extremes down to ~120 m (Parks et al. 2011) . The NARW up-call source level (SL) was estimated at 165 ± 3.5 (SD, n = 353) dB re 1 µPa rms @ 1 m (Clark et al. 2011 ).
PAM observatory
The PAM observatory included 8 stations located in the Lower Estuary and Gulf of St. Lawrence (Fig. 1) . Two stations were located at the 2 openings to the Atlantic, namely Cabot and Belle Isle straits; 1 in the most upstream baleen whale feeding ground (Simard & Lavoie 1999 ), at Les Escoumins; 1 about 75 km further downstream called 'Lower Estuary'; 2 positioned within the basin east of the Gaspé peninsula ('Cap d'Espoir' and 'Percé'); 1 in an extension of the same topographic basin northeast of New Brunswick called 'Shédiac', at the head of the similarly named underwater valley; and 1 station, named 'Old Harry', was located along an expected 2-way migration path between the western Gulf feeding areas and Cabot Strait. The recordings covered an 8 yr period, from June 2010 to November 2018, with series lengths varying between stations from 1 to 7.8 yr (Fig. 2) .
At each station, an AURAL autonomous underwater recorder (AURAL-M2, Multi-Electronique; www. multi-electronique. com/ aural. html) was deployed ~5−50 m off the bottom following a typical Itype oceanographic mooring, comprising an anchor, an acoustic release, the instrument, and low-drag streamlined sub-surface floats (cf. Simard & Roy 2008) . The AURALs sampled the 16 dB pre-amplified acoustic signal with 16-bit resolution and sampling rates between 8192 and 32 768 samples s −1 for 15 or 30 min h −1 depending on the year. The receiving sensitivity of the HTI 96-MIN (High Tech) hydrophone in the AURAL was −164 ± 1 dB re 1V µPa −1 over the < 4 kHz bandwidth used here, as confirmed by calibrations made at the calibration facility of Defence Re search and Development Canada − Atlantic (Dartmouth, Nova Scotia).
NARW up-call detector
Several algorithms have been proposed for automatic detection of NARW contact calls (Gillespie 2004 , Mellinger 2004 , Urazghildiiev & Clark 2006 , Urazghildiiev et al. 2008 , Baumgartner & Mussoline 2011 . The present NARW contact call (Fig. 3a ,c) detector draws from Mellinger (2004) and is based on spectrogram cross-coincidence with a synthetic upsweep call template (Mouy et al. 2009 ).
The signal processing steps ( Fig. 4 ) include downsampling to 1000 samples s −1 , spectrogram computation with a 256-point discrete Fourier transform, a Hann window and 87% overlap, corresponding to a frequency resolution of 3.9 Hz and a time resolution of 32 ms. The signal to noise ratio (SNR) is enhanced by noise reduction before computing the detection function. The upsweep call is modelled as a 1 s fre quen cy sweep kernel from 100 to 200 Hz with a bandwidth of 20 Hz, which accounts for the upsweep rate variability (e.g. Fig. 3 ). The resulting detections were manually checked by an expert and labelled as 'true' or 'false' using the adjacent call pattern in a ~1 min window to discriminate between NARW calls and other sources such as humpback whales (Fig. 3b,d ) , Mussoline et al. 2012 . False detections were excluded from further analysis. The detection algorithm was tuned to favour exactness (i.e. precision) while maintaining a high level of completeness (i.e. recall) (Perry et al. 1955) . Its performance was estimated from a representative subset of files (with low to high numbers of detections), taken from the Cap d'Espoir, Percé and Shédiac stations, where most detections were found. The precision index (i.e. percentage of properly classified true detections) before excluding false detections was 91%. This precision index was brought to 100% with the validation of all detections by an expert. The recall index (i.e. percentage of detected true up-calls from all those present in the recordings) was estimated at 51%. The recall index increases with SNR and reaches 62% for SNR > 5 dB. Missed detections were due to low SNRs and variability of the upsweep calls, originating from both the sources and propagation effects. The algorithm performance did not change as a function of call density, as demonstrated by the strong linear relationship between the number of true detections per file vs. the number of groundtruthed calls (r 2 = 0.92).
NARW time pattern
NARW presence and occurrence indices were computed from validated NARW up-call detections for 2 time steps: hourly and daily. The hourly detection density is the number of up-call detections h −1 computed for each duty cycle time (i.e. 0.25 or 0.50 h). Daily detection hours is the number of hours in a day in which 1 or more up-calls were detected. The binary daily presence index refers to the absence or presence of at least 1 up-call in a day. The different duty times are not involved in the computation of these latter 2 occurrence metrics. To generate a time series of NARW presence and occurrence for the whole basin off Gaspé, the data from 3 stations (Cap d'Espoir, Percé and Shédiac) were combined. The daily NARW up-call occurrence index for the basin was given by the maximum daily detection hours observed among the 3 stations. Daily presence in the basin was triggered by at least 1 up-call detected at any station. To determine the overall pattern of NARW presence and occurrences in the basin over the annual cycles between 2011 to 2018, the metrics for each calendar day were averaged over the years. The presence of lines of high up-call density on this map reveals a departure from the null hypothesis of random distribution of up-call densities over the time of day. The 24 h anomaly (i.e. hourly call density minus the mean hourly density of the day) was then computed following Mussoline et al. (2012) and tested for significant differences be tween hours of the day.
Statistical tests were performed with JMP ver. 13.2.1 (SAS Institute).
Detection ranges and areas
The detection ranges at the PAM stations where NARW up-calls were recorded were estimated from the call source level (SL), transmission loss (TL) and the probability distribution function of the measured noise level (NL) in the up-call band at the 3-dimensional locations of the PAM recorders during a complete annual cycle. The NARW up-call SL was set to 165 dB re 1 µPa rms @ 1 m (Clark et al. 2011 , SD = 3.5 dB, n = 353). The calling depth was set to 15 m following D-tag measurements showing that most calls are produced in the upper water column (Parks et al. 2011 ). TL at 100 Hz between the source and the recorder were computed for a 200 × 200 km grid around the station, with 2 × 2 km resolution. A parabolic equation (PE) propagation model (Collins 1993 , OALIB 2016 was configured with typical summer water mass characteristics (cor responding to the season of NARW pre sence), from the outputs of an operational 3-dimensional circulation model of the Estuary and Gulf of St. Lawrence for 1 July 2013 (Senneville & Lefaivre 2015) , and bottom geoacoustic properties from Loring & Nota (1973) and Jensen et al. (2011 ) (Aulanier et al. 2016a . The modelled received levels (RL call ) at the stations were compared to the corresponding NL cumulative probability (cumulative density func tion [cdf]) over the annual cycle at the stations, to get the probability of de tecting a source located at the modelled node of the TL grid. Assuming a conservative de tection threshold equal to an SNR of 0 dB, the detection probability for the given node is the cdf (NL) value corresponding to the RL call (i.e. cdf ([NL = RL call ])). The detection area (A p(det) ) that exceeds a given threshold (s) of detection probability (p(det) > s) at the station is given by the sum of the areas ([2 × 2] km 2 ) of all corresponding source nodes. When s = 0.5, we have the median detection area, where the detection probability exceeds 50%. The equivalent detection range is estimated as . The relative median detection areas, RA p(det) (i.e. the ratio of median detection area at the station to the smallest median detection area of all stations), were computed for each PAM station. 
NARW time pattern
NARW contact call detections were present from the end of April to mid-January at 4 of the stations: Percé, Cap d'Espoir, Shédiac and Old Harry (Figs. 1,  5, 6 ). They were not detected at the other stations, including Cabot Strait, which was on duty for 2 yr from November 2010, and Belle Isle Strait and the middle of the Lower Estuary, which were both monitored for 1 yr each (Fig. 2) . NARW up-calls were not detected at the most upstream station, Les Escou mins, which was monitored for 6.6 yr. The up-call daily presence at the Old Harry station was sporadic and low throughout the 2011−2018 time series (average of yearly mean daily presence from June to January = 3.2 ± 1.9%), including no detections in 2013 (Fig. 5) .
The period when most detections occurred varied from year to year (Fig. 6 ). In 2017, it was delayed by 2 mo based on the Percé station recordings, compared to 2015, 2016 and 2018. The occurrence exhibited daily variations superimposed on consistent weekly or longer trends. On average, the occurrence increased from June to the beginning of September before decreasing with recurrent pulses until January.
At the Cap d'Espoir station, the occurrence and continuity of detections between June and January significantly increased from a mean of 0.18 daily detection hours (or daily presence of 9%) in 2011 to a mean of 2.08 daily detection hours (or daily presence of 53%) in 2015 (nonparametric Dunn tests, p < 0.01). This high occurrence continued in the following years at the monitored Percé and Shédiac stations (Figs. 5 & 6) . In 2015, the consolidated time series for the basin off Gaspé showed a 4-fold increase in the proportion of days with presence, accompanied by an order of magnitude increase in the number of detections or hours with up-calls per day (Tables 1 & 2 , Fig. 7) . The difference in occurrence and presence before and after 2015 was significant (nonparametric Dunn test p < 0.01) for all months, except December, where the number of zeros in 2011−2014 was too high to perform the rank test.
Diel patterns in NARW up-calls
The NARW contact calls were evenly detected throughout the diel cycle with no marked diel rhythm Fig. 5 . Time series of North At lan tic right whale (NARW) daily de tec tion hours at the 4 passive acous tic monitoring stations where NARW contact calls were detec ted. Red lines indicate non-recording periods (Fig. 8) . The hourly detection anomaly was centered at zero for most hours of the day, with slight, but significant (t-test for zero mean, p < 0.01) positive deviations (<1.1 or 0.5 detections h −1 for Percé and Shédiac, respectively) around sunset (19:00 and 20:00 h), and negative deviations at 12:00, 14:00 and 15:00 h for Shédiac (Fig. 8, right panels) .
Detection ranges and areas
The median detection areas were smallest at Old Harry and Cabot stations, along the Laurentian Channel where the St. Lawrence Seaway main shipping route is located (Simard et al. 2014) (Figs. 1 & 9 , Table 3 ). They were 10 times larger at the 3 other sta-277 Fig. 6 . Daily presence (shaded) and occurrence (lines) of North Atlantic right whale contact calls in the area monitored by the 3 passive acoustic monitoring stations in the basin off Gaspé. Thin line is the weekly average. Green lines indicate recording periods tions in the basin off Gaspé, where they exceeded 3000 km 2 . The Percé and Cap d'Espoir detection areas largely overlapped (by 53% for the median detection area), with the latter station better monitoring the entrance of the Baie des Chaleurs (Fig. 9b,d) . The Shédiac detection area was shifted south but still largely overlapped for distant calls whose detection probability was < 50% (not shown). Its median detection area still intersected those of Cap d'Espoir and Percé, by 3 and 2%, respectively ( Fig. 9b,d,f ).
DISCUSSION
NARW time pattern in relation to adjacent regions
The analysis of a decadal series of PAM recordings from 2004−2014 in NARW habitat in the Northwest Atlantic, from Florida to Davis Strait, revealed a summer−fall decrease in NARW up-call detections in southern grounds, reflecting a seasonal movement of animals towards northern feeding grounds (Davis et al. 2017) . In August and September, there were no detections south of Cape Cod while they were present further north. Occurrence on the Scotian Shelf peaked between September and December. In the adjacent Gulf of Maine−Fundy region, the occurrence peaked before and after the Scotian Shelf, in agreement with a north−south seasonal migration. Comparisons of pre-and post-2010 periods also showed a notable reduction of up-call occurrence in Gulf of Maine− Fundy− Scotian Shelf after 2010, accompanied by an increase in regions south of Cape Cod (Davis et al. 2017) .
The present PAM series analysis overlaps with the period of the above study, for 2011−2014, when upcall detections decreased in adjacent regions of the Scotian Shelf−Fundy−Gulf of Maine. During that period, the presence and total occurrences of up-calls increased in the southern Gulf of St. Lawrence from June to January, indicating that some NARWs were pushing north, while a part of the population was retreating south (Davis et al. 2017 ). However, this northern push shifted in 2015, when the up-call detections in the southern Gulf of St. Lawrence jumped and became abundant and quasi-continuous from June to January. A delayed occurrence in the southwestern Gulf of St. Lawrence was manifest in 2017, when 12 animals were found dead in the area. The removal of these early migrating animals may explain the low early call detections in that year. Yet, this may also simply reflect the natural variability in the time−space use of the Gulf.
The all-years average call occurrence continually increased from early June to mid-September, and then decreased. If this reflects the average NARW density, then the northward migration of animals The recent increased NARW presence in the Gulf of St. Lawrence appears to be connected with the changes observed in southern PAM series, especially the reduction of the occurrence in their traditional feeding ground between Cape Cod and the Eastern Scotian Shelf. This reduction has been attributed to changes in ocean conditions affecting their main prey in this region (Greene et al. 2013 , Meyer-Gutbrod et al. 2015 , Greene 2016 , Grieve et al. 2017 , Hayes et al. 2018a . The coincident decrease in NARW population growth rate might be linked to the same ocean process because of the strong link between birth rates and prey availability (Meyer-Gutbrod & Greene 2018). Does the Gulf of St. Lawrence feeding ground offer a compensation alternative to the depleted traditional southern feeding ground? Further research on the concomitant monitoring time-series of the zooplankton prey should help to answer this question, and predict the durability of this distribution change. How the occupation of this northern feeding ground shifted in 2015 from a few vagrant individuals to a significantly larger proportion of the NARW population is another question worth addressing to help predict eventual further dis tribution changes.
NARW space pattern
The NARW contact call is a relatively faint low-frequency call (~165 dB re 1 µPa @ 1 m; Clark et al. 2011) compared to the strong infrasounds of fin and blue whales (~190 dB re 1 µPa @ 1 m; Širovi et al. 2007 ). The peak frequency is below 200 Hz (Parks & Tyack 2005 , Clark et al. 2011 , which is within the frequency band affected by significant low-frequency ship noise (Simard et al. 2016) . The probability of detecting NARW contact calls above background ambient noise is therefore reduced in areas exposed to major shipping traffic, as evidenced by our modelling of the detection areas of the PAM stations. The stations close to the St. Lawrence Seaway shipping route had only 10% of the detection capacity of the other distant stations. Although the Old Harry and Cabot stations had comparable detection areas and distances to the main traffic lane, only the former station had detections, when both stations were on duty between November 2010 and February 2013. The absence of detection in Belle Isle Strait, where the traffic is several times lower than in St. Lawrence Seaway (Simard et al. 2014) , may be related to the low PAM effort (only 1 year, in 2010−2011), realized during a period when detections in the southern Gulf of St. Lawrence were low. The narrow width of the strait would have constrained the whales within detection range of the recorder, even in the unlikely case of a detection area as low as Old Harry or Cabot stations. Further PAM effort is needed to document the actual occurrence of NARWs in this area.
Since most NARW detections were in the southern Gulf of St. Lawrence, the migration path with the Atlantic is through Cabot Strait rather than through Belle Isle Strait. The lack of detections at the Cabot Strait station may result from a too-distant migration path for detection, beyond the reach of the 10 km median detection range of this PAM station. This would be the case if the animals entering from the Atlantic tended to avoid the main outflow current of the Gulf, located in the southwest half cross-section of the ~100 km wide strait, where the PAM station was located (Galbraith et al. 2017, their Figs. 67−69) . An alternative possibility is that the animals were less vocal during travelling.
The absence of detections in the whale feeding ground at the head of the Laurentian channel in the Lower St. Lawrence Estuary, despite the long-term PAM effort at Les Escoumins station, does not support any notable use of this area by NARWs, although NARW sightings have been reported for this area on a few rare occasions.
NARW up-call diel pattern
We did not observe any strong diel cycle in NARW contact call detections in the regional topographic basin off Gaspé from June to January. More hours with NARW up-calls during daytime were observed near Emerald Bank on the Scotian Shelf, but this pattern was absent in the neighbouring Roseway Basin (Mellinger et al. 2007) . In contrast, more NARW upcalls were detected around sunset and during the night in seasonal PAM series at Stellwagen Bank and Jeffreys Ledge on the eastern US coast (Mussoline et al. 2012) . Such a pattern of increased detections at sunset was noted during the months of high vocal activity, from February to May, but was absent in the other months from a 3.5 yr PAM time series in Massachusetts Bay (Morano et al. 2012) . A bimodal increase in the general up-call pattern, with a main peak from 13:00 to 20:00 h and a secondary peak from 04:00 to 08:00 h, with considerable variability from month to month, was observed in a year-round PAM series in the central Gulf of Maine (Bort et al. 2015) . Speculations on the causes of these contrasting diel call patterns invoked the diel vertical migration (DVM) pattern of NARW zooplankton prey, prey abundance and lower calling activity during foraging, based on tagged whales (Parks et al. 2011) . In areas where food was presumed less abundant, foraging was postulated to mainly occur during the night phase of zooplankton DVM, which would allow more time for social activity (hence calls) during the daytime (Mellinger et al. 2007 ). More contact calls around sunset were speculated to correspond to lower foraging activity due to more diffuse prey, allowing increased time for social and calling activities (Mussoline et al. 2012) .
None of these explanations involving prey DVM, prey abundance and concentration, combined with lower NARW calling during foraging, could explain the absence of diel patterns in NARW calls in the Gulf of St. Lawrence. If such prey/foraging/calling relations exist, either the feeding activity or the prey availability and abundance are constant throughout the 24 h cycle in this ecosystem, with neither possibility being exclusive. The alternative is that the NARW calling activity is not time-structured in this region, nor is the call availability to the recorders due to caller detectability range, which is related to whale displacement relative to the PAM station.
Nevertheless, as stressed by the other studies, the problem of the time pattern of NARW up-calls is complex because of the large number of factors involved, combining the inherent variabilities of NARW calling, displacement and feeding behaviours, multiscale time−space distribution of prey and spatial detection probability. In any case, this complexity supports the need for sufficiently dense sampling around the clock to reduce the error and minimize the risk of bias in such PAM studies ).
Long-term PAM over time and space
As in several other studies, long-term PAM proved to be an invaluable tool to monitor whale distributional changes. However, the technique is not errorfree, and the interpretation of the results requires caution since (1) NARW calling behaviour is variable and dependent on the individual whale and its activity (Parks et al. 2011) , (2) the detection area strongly depends on the 3-dimensional location of the recorder relative to call propagation paths, bathymetry and ambient noise, (3) detection depends on the efficiency of the automatic detector, and (4) detection also depends on the SNR characteristics of the instrument and its duty cycle. In this study, sources of variability were minimized by using the same instrument and detection algorithm at all stations, and the differences in detection areas among the stations were documented. The independence of the detection efficiency relative to the density of calls present in the recordings adds to the confidence that the reported call occurrences and presences reflect the actual NARW calling activity and not variability due to detection performance.
